The MerR family is a group of transcriptional activators with similar N-terminal helix-turn-helix DNA binding regions and C-terminal effector binding regions that are specific to the effector recognised. The signature of the family is amino acid similarity in the first 100 amino acids, including a helix-turn-helix motif followed by a coiled-coil region. With increasing recognition of members of this class over the last decade, particularly with the advent of rapid bacterial genome sequencing, MerR-like regulators have been found in a wide range of bacterial genera, but not yet in archaea or eukaryotes. The few MerR-like regulators that have been studied experimentally have been shown to activate suboptimal c 70 -dependent promoters, in which the spacing between the 335 and 310 elements recognised by the c factor is greater than the optimal 17 þ 1 bp. Activation of transcription is through protein-dependent DNA distortion. The majority of regulators in the family respond to environmental stimuli, such as oxidative stress, heavy metals or antibiotics. A subgroup of the family activates transcription in response to metal ions. This subgroup shows sequence similarity in the C-terminal effector binding region as well as in the N-terminal region, but it is not yet clear how metal discrimination occurs. This subgroup of MerR family regulators includes MerR itself and may have evolved to generate a variety of specific metal-responsive regulators by fine-tuning the sites of metal recognition.
Introduction
The archetype of the MerR family of transcriptional activators is the regulator of Gram-negative mercury resistance (mer) operons found on transposable elements Tn21 and Tn501 [1^5] . This regulator was shown to be an activator of the mer genes in the presence of Hg(II) salts and a weak repressor in the absence of Hg(II) [6, 7] . MerR also regulated its own synthesis. A remarkable and unprecedented observation at that time was that both activation and repression of the mer genes occurred with the regulator bound at the same site on DNA, lying between the 335 and 310 regions of the major promoter, P merTPAD . Activation involved distortion of the DNA at the centre of the operator to realign the 335 and 310 sequences, which were separated by a longer spacer than normal [7^11] .
Subsequent data obtained for the regulators TipA L from Streptomyces lividans, responsible for thiostreptondependent gene activation [12] , and SoxR from Escherichia coli, responsible for part of the oxidative stress response [13, 14] , indicated that these were also members of the MerR family and that they activated gene expression in similar ways. The N-terminal similarity between these and other proteins led to the idea of a 'MerR family' of regulators which activate gene expression by distorting the operator DNA sequence and cause RNA polymerase to initiate transcription at an otherwise suboptimal promoter. Recently, signi¢cant data on how these systems work have been obtained from studies of Tn21 MerR [15, 16] and the dye-responsive activators of drug e¥ux transporters in Bacillus subtilis, BltR and BmrR [17, 18] . In particular, the crystal structures of BmrR^DNA complexed with an activator molecule [19] and of the N-terminal domain of the Mta regulator, also from Bacillus [20] , indicate the essential structural elements of the family, and con¢rmed predictions made from MerR [15, 16] .
The initially recognisable characteristic of a member of the MerR family is the high degree of sequence similarity in the N-terminal DNA binding region. C-terminal similarity may be non-existent. In the last four years a subset of MerR family regulators has been identi¢ed which responds to metal ions (e.g. [21^29]). Some members of this subgroup show appreciable C-terminal sequence similarity, particularly in potential metal-coordinating residues, but respond to di¡erent metals.
This review puts together for the ¢rst time the characteristics of MerR family regulators and explores the characteristics of the metal-responsive members of the family. We also propose that there is a structural subset of this family that comprises simple metal-dependent regulators. At the time of writing no direct three-dimensional structural data are available for members of this subfamily. Table 1 shows some of the better known members of the MerR family and gives references to example papers describing their roles and mechanism of action. The increasing availability of genome sequences reveals a plethora of regulators and a snapshot of the distribution of some of these is given in Section 6. The last three years or so have demonstrated that open reading frames with sequence similarity to MerR family regulators are common and are present in a variety of bacterial genera, although very few have been studied in any detail.
The best studied members of the MerR family (Table 1 ) respond to a variety of co-e¡ectors (in all cases studied so far, these are inducers) and the di¡erences in their primary structures re£ecting this are in the C-terminal regions. The N-terminal regions are very similar and contain predicted helix-turn-helix motifs. Some of the overall amino acid similarities with MerR are shown in Fig. 1 , in which signi¢cant amino acid identity or conservative substitution can be seen to approximately amino acid 110. This was thought to de¢ne the DNA binding region. The best early evidence that there were separate N-terminal DNA binding and C-terminal inducer binding regions came from mutagenesis of the Tn21 and Tn501 MerR proteins [303 2] in which a discrete N-terminal DNA binding region was identi¢ed, separate from the more C-terminal Hg(II) binding cysteines [33] . A clear indication of the fact that the DNA binding and inducer binding regions were sepa-rate domains came from the TipA L regulator [12] , the longer of two products of the tipA gene of S. lividans (Section 3.2). Later studies of MerR [34, 35] , BltR, BmrR [17, 19, 36] and Mta [20, 37] also provided direct evidence for separate DNA binding and inducer binding domains (Sections 2 and 3) from mutagenesis and structural experiments. Attempts to obtain direct structural information from MerR have so far proved elusive (unpublished data from ¢ve separate laboratories) and most information on structure has been obtained indirectly. However, comparisons with the structures of BmrR and MtaN [19, 20] (Section 4) suggest that the regions of amino acid similarity between the MerR family members extend through the DNA binding region and an antiparallel coiled-coil dimerisation region and diverge only in the inducer binding region, where there are no protein^DNA or protein^sub-unit interactions common to the family as a whole.
Regulation by MerR
The merR genes of transposons Tn501 from Pseudomonas aeruginosa [38] and Tn21 from the Shigella £exneri R100 plasmid [4] were the ¢rst studied members of this gene family. They have been treated interchangeably for both genetic analysis and biochemical analysis of the gene products. This is justi¢ed as early data showed that they, and a large number of other merR genes from Gram-negative bacteria, could complement a Tn21 merR 3 mutant [39] . Sequence analysis of di¡erent MerR proteins and the promoters on which they act, suggest that information from the Gram-negative systems and the Gram-positive MerR activators applies to each of the other systems [40] . An exception is the MerR repressor of S. lividans which is a member of the SmtB/ArsR regulator family [41, 42] . The MerR regulator was reviewed in detail in 1992 [33] , at which time many of the basics of mercurydependent regulation had been established, but the detailed mechanism was far from clear. These early data will be summarised brie£y.
MerR regulates expression of the mercury resistance (mer) operon and, in Gram-negative systems, is divergently transcribed from the major regulated promoter (Fig. 2) . The major promoter transcribes the genes merTP(C/F)AD(E) which encode the transporter MerT, a periplasmic protein MerP, additional transporters MerC (in Tn21) [43] or MerF (in pMER327/419 and Tn5053) [44, 45] , the mercuric reductase enzyme MerA, a probable repressor MerD [46] and a possible further transporter MerE [40, 47] . Further details of the mercury resistance systems are described elsewhere in this volume [48] . 
The mer promoter and its mutants
Some of the ¢rst studies on the mer regulatory system were to map and identify the transcripts [6] and to select and identify up-promoter and down-promoter mutants. The detail of the mer operator/promoter region is shown in Fig. 2 . The unusually high spacing of 19 bp between the 335 and 310 sequences suggested that the promoter structure was important to the regulatory mechanism. Up-promoter mutants of the mer promoter were small deletions in this 19 bp spacer [11] . Deletion mutants showed that the 335 and 310 sequences correctly separated by 19 bp were absolutely required for normal promoter activation by MerR [7, 49] . Spacer deletion mutations outside the MerR binding sequence increased constitutive promoter activity, which was repressed by MerR even in the presence of Hg(II) salts; insertions of 1 or 2 bp in the spacer removed promoter activity. Mutation of the dyad symmetrical region in the spacer severely disrupted MerR binding and, although the e¡ect of such mutations on constitutive promoter activity was negligible, the e¡ect on MerR-dependent regulation was profound [34, 50] .
The MerR protein
The MerR proteins of Tn501 and Tn21 are 144 amino acids long and di¡er in nine residues, three of which are conservative substitutions. The regulators can be considered identical for most purposes. Alignment of MerR regulators from a wide variety of Gram-negative bacterial genera shows that the proteins are conserved in about 90% of these 144 amino acids, but there is variation in the very C-terminal region and considerable di¡erence with MerR proteins from Gram-positive sources (Fig. 3) . However, three cysteine residues are conserved in all MerR proteins. These were originally suggested as the site of Hg(II) binding, and this was con¢rmed by a variety of methods including mutagenesis of the cysteines to alanine or serine in which the Hg(II)-dependent activation is lost [32, 51] and spectroscopy showing S^Hg(II) bonding [52^54] . In proteins from Gram-negative bacteria, the very C-terminal region is responsible for determining whether the protein responds to organomercurials, as removal of this region from the organomercurial-responsive MerR of plasmid pDU1358 abolished the organomercurial response, but the protein could still respond to inorganic mercuric salts [55] . Other genetic and biochemical studies have helped elucidate how the MerR protein functions and these will be described below.
The puri¢cation of the MerR protein [56] and its footprinting on the mer regulatory region in vitro [10] , together with the equivalent in vivo analysis of binding [34, 35] have shown that MerR and RNA polymerase are bound simultaneously to the mer promoter. O'Halloran [10] has argued that there is little direct contact between them, as the footprints of MerR and RNA polymerase are additive to give the footprint of the ternary complex. No interaction was identi¢ed with the K subunit of RNA polymerase where many transcriptional regulators interact [57] , but Summers' group showed allele-speci¢c e¡ects of K and c subunit mutations on MerR-dependent modulation of transcription [58] and were able to cross-link the MerR to the L subunit as well as K and c [59] . This occurred in the absence of operator DNA, but interaction was increased by its presence, and indicates a close association between MerR and RNA polymerase. The main e¡ect of RNA polymerase mutations thus far detected has been in suppression of the e¡ect of suboptimal spacer length by mutations in the c subunit [58] . These data are compatible with lack of direct and speci¢c interaction between MerR and RNA polymerase, but with their being in very close Fig. 2 . Structure of the promoter/operator region of the mer operon of Tn501. The 335 and 310 sequences of the promoters P merTPAD and P merR are boxed and labelled against the 'sense' strands of the appropriate promoters. The MerR binding sequence is boxed according to DNA footprinting data and the dyad symmetrical sequence is indicated by arrows. proximity and interacting primarily through binding to the same region of DNA.
Cross-linking studies [59] showed that MerR altered the interactions between RNA polymerase subunits, suggesting that there was a direct interaction between MerR and RNA polymerase which distorted the normal structure of the polymerase. Addition of Hg(II) did not alter the number of MerR^RNA polymerase cross-links, but did increase self-cross-linking of MerR, providing direct evidence that a conformational change does occur in MerR on binding Hg(II). This increase in MerR^MerR crosslinks was not dependent on DNA binding, but was increased in the presence of RNA polymerase [59] .
MerR mutants
Earlier work [30] had shown that mutants of the merR gene of Tn21 could be isolated with phenotypes representative of loss of either activation or repression or both, and that mutation of three of the four cysteines caused loss of Hg(II)-inducible activation. Mutagenesis also showed that enhanced activation and enhanced repression mutants can be identi¢ed and isolated in which activation occurs in the absence of Hg(II) or in which repression occurs even though Hg(II) is present [31, 35] . Mutants which a¡ected DNA binding (E22K and R25H) helped de¢ne the DNA binding region [31, 60] , and indicated that the N-terminal helix-turn-helix motif, rather than a similar motif more centrally in the protein, was responsible for DNA binding [30] . With the exception of mutations in the helix-turn-helix motif, or those at or very close to the mercury binding cysteine residues, MerR mutations have weak (or leaky) phenotypic e¡ects [30] . When mutations are combined strong phenotypes are seen, such as the strong MerR constitutive activator mutations, in which promoter activation occurs even in the absence of Hg(II) salts [60, 61] .
Caguiat et al. [16] investigated the metal response of MerR by seeking mutants which responded to Cd(II). Eleven mutants were obtained which had an elevated response to Cd(II). In each case the constitutive activation of the promoter (i.e. without metal) was elevated, and an Hg(II) response was maintained. Five of the mutants were within the dimer interface region, and none a¡ected the essential cysteines, Cys82, Cys117 and Cys126. Although the responses to Zn(II) of these mutants were weak, they were greater than that of MerR. These data suggest that the mutations cause reduction in metal speci¢city of MerR rather than a change in speci¢city per se. Certainly, two of the mutations (S131L and A89V) had previously been identi¢ed as being responsible for enhanced activation phenotypes [30, 61] . It has been possible to relax the metal speci¢city of MerR ( [16] and unpublished data), but complete alteration in the metal speci¢city of MerR has only been achieved by replacing the C-terminal region with the equivalent region from a zinc-dependent regulator [22] .
Mutations in which an activator and repressor phenotype could be genetically separated (e.g. A89V^S131L for activation in the absence of Hg(II) [61] and L128Q^Q61R for repression with Hg(II) binding (S.P. Kidd, B. Lawley and N.L. Brown, unpublished)) favour a model for MerR action in which the protein adopts a repressing conformation in the absence of the metal and an activating conformation in its presence. Both activation and repression are exerted when bound to a single operator sequence on DNA [10, 50] . Mutational studies and the comparison of di¡erent regulators (Section 4) indicate that the response of MerR to Hg(II) is highly speci¢c and relies not simply on the presence of metal binding amino acids, but on their correct positioning and orientation within the protein. This statement may be trite, but there is often an assumption that the mere presence of metal-coordinating amino acids in approximately the correct positions will enable a metal response.
Physical studies of MerR
In spite of considerable e¡orts, it has not yet been possible to crystallise the MerR protein, and physical studies have given only partial structural information. Current attempts to crystallise subdomains of MerR and increasingly powerful NMR machines may yield direct structural information on the protein. Structures from other MerR family members (Section 4; [19, 20] ) help predict the structure of MerR. However, considerable information has been revealed about the structure of MerR from other biophysical and chemical studies.
Spectroscopic techniques have been used to examine the environment in which Hg(II) is bound on MerR. Extended X-ray absorption ¢ne structure (EXAFS) spectroscopy showed that Hg^MerR has a three-coordinate Hg(S-cys) 3 environment, with an average Hg^S distance of 2.43 A î [53] . Hg-199 NMR studies con¢rmed that the Hg(II) was complexed in a planar trigonal complex containing cysteine residues [62, 63] . Extensive description of the spectroscopy of Hg^protein complexes and model biomimetic compounds is beyond the scope of this review, but the reader is referred to reviews from the O'Halloran laboratory [52, 62] .
Partial proteolysis of the MerR protein revealed that there was a trypsin-sensitive site at position 44 in the sequence [22] , separating the amino-terminal helix-turn-helix region from that predicted to be a coiled-coil motif. Summers' group [15] created MerR deletion mutants and demonstrated that only residues 80^128 were required for stable dimer formation and retained a high a⁄nity for Hg(II). They showed by circular dichroism that MerR had signi¢cant K-helical content which was retained in the deletion derivatives. X-ray absorption spectroscopy showed that the wild-type and the maximally deleted protein bound Hg(II) into similar chemical environments, suggesting that, in addition to containing the metal bind-ing cysteines at positions 82, 117 and 126, residues 80^128 contained su⁄cient structural information to form the Hg(II) binding site. They speculated on the basis of model three-helix bundle studies [64, 65] that there are two Hg(II) binding sites on MerR, which are symmetrical and equivalent in the absence of bound Hg(II). The binding of a single Hg(II) ion to one site causes an allosteric change that renders the other site less able to bind Hg(II) in competition with other thiols. This agrees with data showing that a MerR dimer binds only one ion of Hg(II) [51] .
Model for MerR-dependent regulationâ hypersensitive switch
The mer promoter responds across a very narrow range of mercuric ion concentration. The promoter responds from 10 to 90% of fully induced activity across a sevenfold increase in Hg(II) concentration at ca. 10 38 M Hg(II) in the presence of thiols [66, 67] . The mer promoter therefore responds not only to a very low concentration of mercuric salts, but the response is also hypersensitive, with a Hill coe⁄cient of ca. 2.6 [66, 68] . Studies on the Tn501 mer promoter in vivo show that it is fully induced across a narrow range of Hg(II) concentration below the threshold at which Hg(II) adversely a¡ects the growth rate of bacterial cells [68] . The details of this induction have been elucidated in a series of elegant experiments by Ansari et al. [69, 70] . The current model for action of MerR at the merOP region is shown in Fig. 4 . 1. In the absence of Hg(II) and MerR, RNA polymerase preferentially transcribes from the merR promoter, increasing the amount of MerR present in the cell. 2. Once MerR binds to merOP, transcription of the merR promoter is repressed and the DNA becomes bent and unwound at the operator sequence. RNA polymerase is recruited to the mer promoter, forming a ternary complex of DNA, MerR and RNA polymerase. [15, 30, 31, 51, 60, 61, 74] and promoter [11, 49, 50] mutants are explained by this model, and indeed several were isolated to test it. The properties of RNA polymerase mutants and cross-linking [57, 58] can be explained by the proximity of MerR and RNA polymerase on the DNA, without having to invoke speci¢c MerR^RNA polymerase activating contacts.
Other members of the MerR family are assumed to act by a very similar mechanism, and this has been demonstrated in part for SoxR [75, 76] , TipA L [12, 77, 78] , CueR [24, 26, 79] and ZntR [22, 80, 81] . Where identi¢ed, promoters regulated by MerR family members have extended spacing between the 335 and 310 recognition elements. In each case tested, the regulators are activators and repression is limited or non-existent. The repressor phenotype of MerR is probably a consequence of the relatively high constitutive activity of the promoter from the 310 sequence, the 335 sequence not being required for constitutive activity [7] . In the presence of MerR, the 335 sequence may become more important for binding, and subsequent open complex formation at the 310 sequence only occurs following the MerR-dependent change in the conformation of the promoter.
An important, and frequently ignored, aspect of gene regulation is how expression is switched o¡ once the stimulus is removed. In the case of MerR, it is unlikely that Hg(II) will be readily released by MerR and the protein returned to the repressor conformation, as the stability constant of the Hg(II)^sulfhydryl adduct is extremely high. It is more likely that the Hg(II)^MerR 2 complex will dissociate from the DNA and be replaced by nonmetallated MerR 2 . MerR 2 has a higher a⁄nity for DNA than Hg(II)^MerR 2 [10, 61] , and may simply displace the activating form; alternatively, MerD may displace the Hg(II)^MerR 2 complex. MerD is a product of the mer operon [82] and has been shown to repress the merTPAD promoter [83] , with DNA footprinting studies indicating that MerD and MerR bind to the same operator site [46] . There is sequence similarity in the N-terminal domains of MerR and MerD but the relative a⁄nities of MerD and metallated MerR for the merOP region have not been compared.
Other MerR family members

SoxR
The SoxR regulator responds to oxidative stress and is part of the SoxR^SoxS regulon [84, 85] . SoxR homologues are found in a number of Gram-negative and Gram-positive genera, but has been best studied in E. coli. SoxR acts at the soxS promoter to induce expression of the regulator SoxS, which in turn induces expression of approximately 12 genes in the SoxRS regulon. The soxS promoter has a suboptimal spacing and experiments similar to those previously performed with MerR [49] have shown that the 19 bp spacing is essential for normal SoxR-dependent activation [75] .
The active form of SoxR is a dimer containing a [2Fe2 S] cluster in each 154 amino acid subunit. Superoxide (O 3 2 ) or nitric oxide is sensed by oxidation of the cluster to the Fe 3þ^F e 3þ form. This oxidised form of SoxR causes transcriptional activation of the soxS promoter, and this is associated with DNA distortion in the centre of a dyad symmetrical sequence in the spacer region [86, 87] . The mechanism of activation is therefore very similar to that of MerR. SoxR (apo-or Fe-form) autoregulates its own synthesis and represses soxS; oxidised Fe^SoxR activates transcription, repression and activation being through binding at a single site [76] .
The binding of Fe by apo-SoxR is to cysteine residues in the motif Cx 2 CxCx 5 C to form the [2Fe^2S] cluster. Although this cysteine motif is unique, the C-terminal region of the protein, including the approximate location of the cysteines is similar to that of MerR. Mutation of the cysteine residues to alanine prevents formation of the [2Fe^2S] clusters. The mutant proteins still bind to soxS promoter DNA, but can no longer activate the promoter [88] .
TipA L
The tipA gene of S. lividans and other streptomycetes, is autoregulated by its minor product, the TipA L protein, and produces a more abundant product, TipA S [12] . TipA S is a 144 amino acid thiostrepton binding protein [89] , probably produced from an internal translation start within the tipA transcript. TipA L is 254 amino acids and contains two functionally separate regions^an N-terminal DNA binding region showing sequence similarity to MerR, and a C-terminal region equivalent to TipA S . The tipA promoter has a 19 bp spacer between the presumed 335 and 310 regions containing a dyad symmetrical sequence to which TipA L binds and activation required thiostrepton [12] . The activation by thiostrepton (and other related compounds) involves irreversible modi¢cation of the TipA L protein [78] . Again, the mechanism of activation is similar to that described for MerR and there is direct evidence for di¡erent functions of the N-and C-terminal regions of the protein.
Recent data have shown a conformational change of TipA L on thiostrepton binding, and enhancement of RNA polymerase binding to the tipA promoter by thiostrepton^TipA L [77] . However, there are some di¡erences in detail to the MerR^mer promoter interactions as deletion mutants of the tipA promoter do not show constitutive activity and the TipA L^t hiostrepton adduct binds more tightly to the tipA promoter than does the unmodi¢ed protein, in contrast to MerR^Hg(II) which has a lower a⁄nity for the mer promoter than MerR alone.
Bacillus multidrug regulators
B. subtilis contains at least three regulators of the MerR family^BltR, BmrR and Mta^that are involved in activation of drug transport proteins. At present these are the only members of the MerR family for which crystal structures are available (Section 4); as such, they are important to understanding how this family of regulators works.
BltR and BmrR respectively regulate expression of the multidrug transporters Blt and Bmr, and have closely related N-terminal DNA binding domains, but their C-terminal sequences di¡er and they respond to di¡erent inducers [17] . The N-terminal domain of Mta (MtaN) also activates expression of both transporters in vitro, and Mta is presumed to cause expression of both in vivo as well as autoregulating its own synthesis [37] . BmrR binds to a dyad symmetrical sequence in the 19 bp spacer region of the bmr promoter and a⁄nity of BmrR for this binding site is increased by addition of the co-activators, rhodamine or tetraphenylphosphonium (TPP). The C-terminal domain of BmrR expressed individually will bind rhodamine and TPP [36] and closely related structural compounds will also induce bmr expression [90] .
MerR-like regulators in E. coli
A homologue (YhdM) more closely related to MerR than SoxR and TipA L was ¢rst identi¢ed as the open reading frame of 141 amino acids at 74 min on the E. coli genome sequence [91] . Comparison of YhdM and MerR sequences showed strong identity between the amino acid sequences at the putative helix-turn-helix motif, and conservation of the cysteine residues involved in mercury binding, with an overall amino acid similarity of 52%, compared to 41^42% similarity between SoxR or TipA L and MerR. Subsequently the full genome sequence of E. coli K12 has revealed that it contains ¢ve MerR homologues: YhdM, YbbI, SoxR, YcgE and YehV. Of these ¢ve, SoxR has been extensively studied and is described above. The two sequences most closely related to MerR at the amino acid level are now known to be metal-dependent regulators: YhdM (renamed ZntR [22, 80] ) and YbbI (renamed CueR [24, 26] ). ZntR and CueR are discussed in more detail in Section 5. YehV (now MlrA [92] ) is the regulator of aggregative ¢mbriae and extracellular matrix synthesis, and YcgE is of unknown function, but is closely related in amino acid sequence to MlrA. For neither MlrA nor YcgE is the nature of the inducing signal known.
Structural studies
The activated BmrR^DNA structure
The crystal structure of the BmrR^DNA^TPP complex, using a 22 bp synthetic operator, has been solved at 3.0 A î resolution [19] (Fig. 5) . This was the ¢rst published structure of a member of the MerR family and gave new insights into the mechanism of DNA binding and activation in the MerR family. The structure reveals a mechanism of activation involving localised base pair breaking, base sliding and realignment of the 335 and 310 operator elements.
The BmrR monomer contains three domains : (1) the N-terminal DNA binding domain (residues 1^75); (2) the linker and an 11 turn K-helix (residues 76^119) connecting the N-and C-terminal domains ; and (3) the C-terminal drug binding domain (residues 120^278). The topology of the DNA binding domain is L1-K1-K2-L2-L3-K3-K4, containing four helix bundles and a three-stranded antiparallel L-sheet. BmrR uses a helix-turn-helix motif and two 'wings' to bind to the bmr promoter (Fig. 5B) . The recognition helices (residues 19^28) contact two consecutive major grooves and each helical axis is almost perpendicular to the local DNA helical axis. No base-speci¢c contacts can be identi¢ed, but this may be due to the resolution.
Most helix-turn-helix contacts are made by residues from helix K2 (Fig. 5B) . Hydrogen bonds occur between the amide of Ala21 and guanine 4 phosphate, the NH 2 and NO of Arg23 and the cytosine 8P phosphate and guanine 8P phosphate, and the Tyr25 hydroxyl group and guanine 3 phosphate. Van der Waals contacts occur between the NH 2 of Arg23 and the deoxyribose ring of cytosine 9P and C7 atom of thymine 7P; the NH1 of Arg23 and C7 atom of thymine 7P; and the Tyr24 phenyl ring and C8 atom of adenine 2 and deoxyribose rings of guanine 3 and adenine 2.
The second DNA binding element, wing W1, includes strands L2 and L3 and the connecting loop (residues 354 6), of which Ser41, Tyr42, Arg43 and Asp26 make hydrogen bonds and van der Waals interactions with cytosine 8P, cytosine 9P, cytosine 10P and thymine 7P. The third DNA binding element of BmrR, wing W2, is composed of helices K3 and K4 and their connecting turn. These helices are less crossed than the major groove binding helix-turn-helix motif. The protein^DNA contacts are made with NO of Lys60 contacting guanine 3 phosphate and NH of Leu66 and the adenine 2 phosphate.
The structure of BmrR^TPP^DNA shows bending of the promoter by V50 ‡ at its middle towards the major groove and away from the protein. Unique base pair breaking and sliding of the central base pair is shown. The A^T base pairs that surround the pseudo-dyad of the promoter break and the unpaired adenine and thymine slide from each other in the 3P direction. The operator 'bunches-up' in the middle. This distorted DNA conformation is stabilised by interactions of the phosphate backbone with residues Tyr24, Tyr25 and Lys60 and the N-terminus of helix K4. Similar structures are predicted for all activated MerR family regulators because each has a hydrogen bond donor (Lys, Arg, Gln) at position 60 and Tyr25 is conserved (Fig. 1 ).
MtaN
MtaN is a 109 residue truncation mutant which contains the DNA binding and dimerisation regions of the protein Mta. It is a global activator of the bmr, blt and ydfK genes, as well as of its own gene. The crystal structure of the apo-protein has been determined at 2.75 A î resolution [20] . The structure is a winged helix-turn-helix, with a protruding eight-turn helix (K5) which forms an antiparallel coiled-coil in the dimer. The major di¡erence between the structure of the MtaN apo-protein and the BmrR^TPP^DNA complex is the orientation of K5 relative to the K1-K4 DNA binding region. The di¡erences include a reduction in spacing of the K2 recognition helices from 33.3 A î (close to the 34 A î repeat of B-form DNA) in MtaN to 30.6 A î in activated BmrR. Rotation between the subunits also occurs due to conformational changes in the coiled-coil region. Although MtaN is a constitutive activator, docking simulations showed that it could not bind the activated bmr operator structure without further conformational changes in MtaN [20] . These may occur on DNA binding. Further structural studies will be required to identify the structural changes occurring during activation by MerR family regulators.
Simulation of the MerR structure
Alignment of the BmrR N-terminal sequence with those of MerR and related proteins has allowed the sites of signi¢cant residues in MerR and related proteins to be mapped (e.g. [81] ). Such simulations are probably accurate for the DNA binding domain and the antiparallel coiledcoil region (which includes the ¢rst of the metal binding cysteines), but are less convincing for the more C-terminal metal binding residues. Direct experimental veri¢cation of the structure will be required in order to fully understand the processes of metal recognition and transcriptional activation.
Metal-dependent regulators
Although a number of MerR family proteins have been studied that respond to environmental stimuli other than metals (Section 3) their similarity to MerR has been primarily in the N-terminal DNA binding region, rather than in the C-terminal 'sensing' region of the protein.
In the last few years several di¡erent metal-dependent regulators belonging to the MerR family have been characterised. The explosion of prokaryotic genome sequence data has revealed many potential metal-dependent MerRlike open reading frames in bacterial genomes (Section 6). At ¢rst sight, the identity levels of these regulators may appear to be quite low (see Fig. 1 ), but to put these identity levels in context, the amino acid identities between MerR proteins from Gram-negative and Gram-positive sources are 37%, [91] , yet they are functionally homologous, and to some extent interchangeable [93] .
However, cysteine residues are essential in Hg(II) binding and activation in MerR [32, 51] and have also been found to be essential for recognition of the cognate inducers in two MerR homologues, SoxR [88] and TipA L [89] . More critically, cysteine residues have been shown to be involved in the recognition of metal by ZntR [81] and CueR [94] .
Zinc
ZntR
ZntR (originally YhdM) [22, 80] is the regulator of the ZntA zinc/cadmium/lead ATPase [95] . It was the ¢rst E. coli metal-dependent MerR-like regulator to be described, and its function was initially determined using ZntR expressed in trans on a plasmid, regulating a plasmid-borne P zntA^l ux transcriptional fusion [22] . ZntR in this assay system has been reported to be induced mainly by Zn(II). Mini Mu LacZ insertions into zntA show that under conditions in which cells are continually induced throughout growth with metal ions, Cd(II) causes maximum activation of P zntA , with Pb(II) and Zn(II) also activating [96] .
The zntR gene is physically separate on the E. coli genome from P zntA , which has a 20 bp DNA sequence between the 335 and 310 promoter motifs. Overexpressed and puri¢ed ZntR was shown to bind P zntA DNA and protect the promoter from DNase I [22, 80] . ZntR is a 141 amino acid protein and is 34% identical (52% similar) to Tn501 MerR [91] . It exists as a dimer and also displays a MerR-like DNA distortion mechanism for transcriptional activation in the presence of Zn(II) [80] . ZntR contains ¢ve cysteine residues, three of which are in identical positions to the metal binding Cys82, Cys117 and Cys126 in MerR. Recent mutagenesis studies on ZntR have shown that Cys79, Cys114, and Cys124, the residues equivalent to those in MerR, are required for activation by Zn(II), Pb(II) and Cd(II) [81] . Cys115 is also required for Zn(II) activation. The C-terminal Cys141 may control access of the metals to the binding site(s) on the protein, as mutagenesis has markedly di¡erent e¡ects depending on the nature of the mutation and of the metal. His29, His53, His119 are required for a response to Zn(II), but not for Pb(II) or Cd(II). ZntR can bind two zinc ions per dimer [80] , and has a very high a⁄nity for Zn(II), which upon binding to ZntR causes a change in protein conformation [97] . The coordination of these metals by ZntR and the mechanism of metal recognition are not yet understood.
A hybrid protein was constructed from the N-terminal 44 amino acids of Tn501 MerR and the C-terminal 103 amino acids of ZntR, and was shown to act on a promoter containing the dyad symmetrical DNA region from P merTPAD within a 20 bp spacer separating the 335 and 310 sequences. The MerR/ZntR hybrid protein responded to Zn(II), but not Hg(II) at this modi¢ed promoter [22] . These data demonstrated that domain swaps between MerR-like regulators can produce functional proteins with altered promoter recognition. This further strengthens the case for believing that there is a common mechanism amongst this subfamily of proteins for 'sensing' a metal and for transducing the 'signal' into expression from their cognate promoters. Activation of PzntA by Zn(II) and ZntR also occurs with a high Hill coe⁄cient (3.2 [22] ) indicating that this is also a hypersensitive biological switch.
PmtR
The 135 amino acid protein, PmtR (Proteus mirabilis transcription regulator) was the ¢rst MerR-like metal-responsive regulator to which a function was ascribed [21] . This was done through heterologous expression in E. coli, where plasmids carrying the pmtR gene speci¢cally increased Zn(II) tolerance of the cells, which also accumulated a 12 kDa protein in direct proportion to the cells' ability to grow on increasing levels of zinc. This protein was identi¢ed as ZraP, a putative periplasmic zinc binding protein, whose expression was induced in response to Zn 2þ , but not Ni 2þ , Co 2þ , Cd 2þ , Mn 2þ or Fe 2þ [21] . It now seems unlikely that PMTR regulated zraP expression directly [98] . The promoter activated by PMTR is not known, but one can speculate that it may have been the zntA promoter.
Copper
CueR from E. coli
The function of CueR from E. coli (formerly YbbI) was independently identi¢ed by three groups [24, 26, 99] . CueR is the regulator of the copper/silver ATPase, CopA, and the multicopper oxidase, CueO [24, 100] . E. coli CueR is 37% identical to ZntR, 28% identical to Tn501 MerR, and contains four cysteine residues, two of which are in the corresponding positions to the Cys117 and Cys126 residues of MerR involved in binding mercury. There is no cysteine at a position corresponding to Cys82. Overexpressed and puri¢ed CueR binds to P copA in gel retardation experiments and the a⁄nity of CueR to the DNA decreases upon addition of Cu(I) [26] . CueR induces expression of P copA on a low copy number lacZ fusion plasmid in trans in response to both Cu(II) and Ag(I) ions added to the external medium [26] , although it is likely that the Cu(I) ion is the activator in vivo [24, 26] . In this assay system P copA responds in a hypersensitive manner to Ag(I) at much lower concentrations of Ag(I) than it does to Cu(II). The Hill coe⁄cient for the response to Ag(I) is estimated at 3.4 [26] . The response of the promoter to Cu(II) is linear rather than hypersensitive, which may be a feature of the rate of conversion of Cu(II) to Cu(I) in vivo, rather than the response of CueR to copper [26] . Recently it has been shown that CueR will activate P copA in response to gold salts [94] , suggesting the e¡ective nuclear charge (common between Cu(I), Ag(I) and Au(I)) is important in metal recognition. We have also shown that Cys112 and Cys120 (equivalent to Cys117 and Cys126 of MerR) are important in the recognition of metals by CueR [94] .
CueR from Pseudomonas putida
This is predicted to be a 137 amino acid protein that is activated by Cu(II), and is 43% identical to CueR from E. coli. The P. putida cueR gene is part of a two-gene operon, cueAR, where cueA encodes a P-type copper e¥ux ATPase 36% identical to CopA from E. coli [101] . In the cueAR operon the putative translational termination signal of cueA (TGA) appears to be part of the initiation codon for cueR (ATG). The P cueAR promoter shares similarities to the P copA promoter, particularly in the DNA spacer region between the predicted 335 and 310 sequences, but also contains inverted repeat DNA sequences upstream and downstream of the presumptive promoter site [101] . In the region surrounding the cueAR operon there is a second candidate P cueA -like promoter, named P copP , which is thought to regulate the expression of copP, a homologue of the CopZ copper chaperone from Enterococcus hirae [102, 103] . Little is yet known of the regulation of these promoters.
SctR
Salmonella enterica serovar Typhimurium encodes a 138 amino acid protein, SctR, which has been shown to regulate expression of cuiD, a multicopper oxidase [28] . Transposon disruption of sctR resulted in a copper-sensitive phenotype and loss of cuiD expression. Total soluble cell extracts from E. coli overexpressing SctR retarded radioactively labelled P cuiD DNA, showing that SctR has an a⁄nity for P cuiD DNA. An amino acid identity of 92% between SctR and CueR indicates that SctR is the homologue of CueR in S. enterica serovar Typhimurium.
HmrR
Both Rhizobium leguminosarum bv. viciae, and Sinorhizobium meliloti encode related P-type ATPases of the CPx subfamily [104] that are involved in copper homeostasis and acid tolerance in these bacteria [29] . These proteins, named ActP, presumably act in both copper and acid tolerance because higher free copper concentrations occur at lower pH [29] . Copper ions regulate the transcriptional activation of actP in both organisms in a pH-dependent manner, due to regulation of actP expression by the MerR family regulator HmrR (heavy metal-responsive regulator) [29] . The predicted amino acid sequences of HmrR from both R. leguminosarum and S. meliloti show about 43% identity to CueR from E. coli, and include residues equivalent to Cys112 and Cys120 of CueR, shown to be required for copper induction [94] .
Other metal
PbrR^lead resistance
Ralstonia metallidurans CH34 confers resistance to at least seven toxic metals, the determinants of which are located on one of the two endogenous megaplasmids, pMOL28 and pMOL30 [105] . A cosmid library of Sau3A partially digested pMOL30 DNA contained a number of Pb 2þ resistant clones, all of which had identical restriction endonuclease digestion patterns. DNA sequence analysis of these clones [25] revealed a merR homologue, named pbrR, which regulates expression of a gene (pbrA) encoding a CPx P-type ATPase and several other genes involved in Pb resistance. The promoter, P pbrA , has a 19 bp spacer between the 335 and 310 sequences. Comparison of the amino acid sequence of PbrR with other metalresponsive MerR-like regulators (see Fig. 6 ) reveals conservation of the three cysteine residues that are known to be important in metal binding in MerR. Primer extension experiments show that transcription of P pbrA is induced by Pb(II) ions. Experiments in vivo indicate that PbrR responds to Pb(II) but not signi¢cantly to other metals [106] . This is the ¢rst protein whose biological function is speci¢cally to bind lead salts.
CadR
CadR from P. putida 06909 is a predicted 147 amino acid protein which regulates expression of CadA, a cadmium e¥ux ATPase [27] . It is 38% identical to ZntR and 34% identical to MerR. The arrangement of the cadR and cadA genes, and the bidirectional promoter between them is similar to the arrangement of merR and the structural genes for mercury resistance in Gram-negative mer operons such as Tn501/Tn21 and pbrR and pbrA from the pbr operon of R. metallidurans CH34. The promoter for CadA (P cadA ) is responsive to Cd(II), Zn(II) and Pb(II), whilst the promoter for cadR (P cadR ) is responsive only to Cd(II) [27] . CadA and CadR confer cadmium resistance and partially confer zinc resistance in P. putida 06909, but do not confer resistance to signi¢cant levels of lead ions.
CoaR
Open reading frame sII0794 from the cyanobacterium Synechocystis sp. strain PCC 6803 has been identi¢ed by two groups as a Co 2þ -dependent regulator [23, 107] and named CoaR (or CorR). CoaR is cobalt-responsive and the ¢rst 80 amino acids or so of this protein align well with MerR from Tn501, with some similarity over the ¢rst 130 amino acids (Fig. 1) . The remaining amino acid sequence of CoaR shows intermittent alignment with CobH (precorrin isomerase) from Pseudomonas denitri¢cans [23] . The very C-terminus of CoaR contains a sequence, CysĤ is^Cys, beyond the region of similarity with CobH, which has been shown by mutagenesis to be required for cobalt sensing. CoaR may therefore respond to cobalt and to hydrogenobyrinic acid (the product of precorrin isomerase).
Metal speci¢city of induction
The MerR-like metal-dependent regulators are highly discriminatory in their response to metal ions. MerR regulates the expression of the P merTPAD promoter in vitro in response to Hg(II) ions at 10 2 -fold lower concentration than Cd(II) ions, and 10 3 -fold lower than Zn(II) ions [66] . For the remaining promoters and regulators, only in vivo data are available, which comprise access of the metal to the regulator, metal binding and then transcriptional activation. ZntR regulates the promoter activity of P zntA in response to Zn(II), Cd(II) and to a lesser extent Pb(II) ions [22, 96] , whilst CueR from E. coli regulates transcription from P copA in response to copper, silver and gold ions [26, 94] . CadR/P cadA from P. putida 06909 responds to Cd(II), Zn(II) and Pb(II) ions, yet the CadR/ A system fully confers resistance to Cd(II), partially confers resistance to Zn(II), and does not signi¢cantly confer resistance to Pb(II) [27] . PbrR activates P pbrA only in response to Pb(II) ions ( [106] and B. Borremans, unpublished data).
The promoters regulated by MerR, ZntR or CueR show a hypersensitive response to the regulatory metals [22,26,66^68] . Each of these promoters regulates transcription of one or more genes responsible for protecting the cell against toxic concentrations of metal ions. The hypersensitive biological switches controlling these promoters may allow them to be expressed at high subtoxic concentrations of metal, without unnecessarily expressing the promoter at lower metal concentrations. Having the necessary macromolecular components pre-assembled at the promoter, with activation dependent on a low molecular mass ligand (the metal ion) may assist in this [71^73]. We have argued previously [68] that it is advantageous for mechanisms protecting against purely toxic metals (e.g. mercury, cadmium, lead salts) to be induced in a hypersensitive manner, whereas mechanisms protecting against high concentrations of micronutrient metals (e.g. copper, zinc and cobalt salts) should be induced more gradually to maintain careful control over homeostasis. The fact that ZntR confers hypersensitive induction in response to Zn(II) argues against this. Data from CueR are inconclusive as the response has only been measured to Cu(II) and Ag(I) in whole cells and not to the likely inducer, Cu(I). Our modi¢ed hypothesis is that the MerR family regulators are responsible for hypersensitive induction and will regulate promoters expressing resistance genes. Genes responding to high metal ion concentrations within the normal homeostatic range would be regulated by nonMerR family regulators. These arguments and experiments are complicated by the fact that estimated free metal ion concentrations in the cytoplasm are extremely low [108] .
Promoter sequences
All the MerR family promoters so far identi¢ed have an elongated spacer region between the 310 and 335 sequences. Those in Tn501 and Tn21 are 19 bp; those in the Bacillus sp. RC607 [93] and S. aureus [109] mer promoters are 20 bp which may explain why Tn501 MerR will bind tightly to and repress expression of the Bacillus promoter, but will not activate it in the presence of Hg(II) ions [93] . The di¡erence in orientation of the 310 and 335 sequences between a 17 bp spacing and a 19 bp spacing on B-form DNA is 6.8 A î of translational separation and 72 ‡ of rotation around the helix axis; the equivalent di¡er-ences for a 20 bp spacer are 10.2 A î and 108 ‡. Therefore it is not surprising that the MerR proteins from Gram-negative sources will not activate these mer promoters from Gram-positive bacteria.
The majority of metal-responsive promoters regulated by MerR-like proteins have 19 bp spacers; P zntA is an exception, having a 20 bp spacer. Interestingly, a MerRẐ ntR hybrid regulator, formed by fusion of the ¢rst 44 amino acids of Tn501 MerR with the C-terminal 103 amino acids of ZntR, would activate a hybrid promoter containing the dyad symmetrical sequence recognised by MerR inside the 20 bp spacer of ZntR [22] . This suggests that the C-terminal region may dictate the degree of twist imparted to the protein, which in turn distorts the DNA and allows promoter recognition by RNA polymerase.
Each of the metal-dependent promoters has a dyad symmetrical sequence within the spacer region, which in many cases has been shown to be the regulator binding site. The mer promoters from Gram-negative or Gram-positive bacteria share a GTAC sequence on the inner edge of a hyphenated dyad symmetrical sequence. Table 2 shows the sequences of some metal-regulated promoters.
Expression from a promoter regulated by a MerR-like regulator is dependent upon : 1. recognition by the regulator of the correct promoter sequence for binding; 2. the correct coordination of the metal by the regulatory protein ; 3. the correct conformational change in the protein structure upon binding the metal; and 4. the correct degree of distortion of the DNA by the protein to align the 335 and 310 sequences for recognition by RNA polymerase holoenzyme. In addition to metal discrimination by direct recognition and binding of the metal by the regulatory protein, a further level of discrimination between metals in induction of gene expression may arise through di¡erences in the spacer length of the regulated promoters. A regulator acting upon a 19 bp spacer would not be able to change the conformation of a 20 bp spacer su⁄ciently to activate transcription, and a regulator that normally worked on a 20 bp spacer would over-distort a 19 bp spacer so that it would not be aligned correctly for contact with c 70 .
Distribution and evolution of MerR-like regulators
We have looked for MerR-like proteins within translated sequences from the rapidly-growing number of bacterial genome sequences. Obviously any such study is outof-date as soon as it is completed, but one may identify particularly interesting proteins from a previously little studied species. We used simple BLAST searches on sequences from both complete and incomplete bacterial genome sequences at the National Center for Biotechnology Information (NCBI) website and at the speci¢c sites at sequencing facilities (e.g. The Sanger Institute, The US Department of Energy, or The Institute for Genomic Research). Because of the rapidly-changing nature of the data, we report here only the overview of our analysis. Anyone interested in a full analysis of the distribution of MerR-like sequences in bacterial genomes will need to perform this themselves (and at frequent intervals).
Frequencies of MerR family regulators in bacterial genomes
There are features in addition to straightforward similarity analyses which are useful in categorising MerR family regulators. These are based on the biology of the regulators studied to date and discussed in this review. Thus, we have classi¢ed the MerR family into three subsets of presumptive regulators: 1. MerR^MerR in association with a mer operon and showing signi¢cant ( s 40%) identity to MerR of Tn501 or MerR of Bacillus sp. RC607, including three cysteines equivalent to Cys86, Cys117 and Cys126 of Tn501 MerR; usually associated with mercuric reductase. 2. Metal-responsive MerR-like regulators^likely metal-responding MerR-like regulator in association with metal uptake or export genes or containing two of three cysteines equivalent to Cys86, Cys117 or Cys126 of MerR. 3. MerR-associated regulators^MerR family regulators lacking similarity in the C-terminal region to known metal-responsive regulators. Some of these may well respond to metals, but cannot easily be identi¢ed as such by inspection. Of the total number of microbial genomes examined, both complete and incomplete, 30% did not have a MerR-like regulator, 3% possessed a merR gene associated with mer operons, and 38% had at least one MerR-like regulator that was likely to be metal-responsive. 45% of the total genomes had a MerR family regulator in the 'MerR-associated' class. Many genomes had more than one type of MerR family regulator, hence the above ¢g-ures exceed 100%. The MerR family of regulators is therefore widespread in eubacteria. Of the 312 MerR family regulators provisionally identi¢ed in 156 bacterial genomes, 5% were MerR, 44% were presumptive metal-responsive MerR-like regulators, and 51% were MerR-associated regulators.
The presence of multiple copies of MerR regulators within a genome was a striking feature of the analysis. Previous work has revealed ¢ve MerR family regulators within E. coli (SoxR, ZntR, CueR, MlrA and YcgE^see previous sections), but several other bacterial genomes had many MerR-like regulatory genes. Some of these are listed in Table 3 as examples. R. metallidurans CH34 had 15 MerR family genes, of which 13 are possibly metal-responsive; this is not surprising, given that R. metallidurans contains two megaplasmids with nine di¡erent metal resistance determinants, and has two mer determinants [105] . R. solanacearum contains ¢ve MerR family genes. There are several examples of di¡erent species within a genera possessing di¡erent numbers of MerR family regulators. This may be due to their particular environmental niche and the need for some bacteria to harbour intricate regulatory systems to respond to particular environmental stimuli.
Prediction of MerR regulator function
Inspection of a genome sequence can lead to an indication of function of an open reading frame. There are several examples where this has been demonstrated for the MerR family. Both ZntR and CueR were identi¢ed from the E. coli K12 genome sequence and their properties determined subsequently [22, 24, 26, 91, 99] . This was done, even though both regulators are separate from their cognate regulated genes. Other regulators have been identi¢ed in similar fashion. Some metal-dependent MerR family regulators can be identi¢ed from their position relative to other genes, their overall length (130^150 amino acids) and the presence of cysteines equivalent to those of MerR. Two examples are given below: 6.2.1. The CadR regulator of P. putida This was identi¢ed in the genome sequence as it was oriented divergently from a gene similar to cadA, encoding an ATP-dependent cadmium transporter [27] . Induction by heavy metals was examined and shown to be Cd(II) s Pb(II) s Zn(II) [27] . A gene designated CadR has also been identi¢ed in the P. aeruginosa genome sequence; again this is oriented divergently from a gene similar to cadA, 
The ZccR regulator of Bordetella pertussis
An open reading frame encoding a presumptive MerR family protein was identi¢ed in the B. pertussis genome sequence. This reading frame would be transcribed divergently from an open reading frame encoding a potential CPx P-type ATPase [104] with an N-terminal region containing an unusual histidine-rich repeat. The presumptive promoter for the ATPase had 19 bp spacing between the Pseudomonas £uorescens 6 a Strains for which the genome sequences had been completed. In some cases this does not mean the annotation or '¢nishing' of the sequences had been completed, it may have simply been the shotgun phase of the sequencing.
optimum 310 and 335 sequences. The B. pertussis regulatory gene and the promoter for the ATPase were isolated from the cosmid bank used for sequencing, and cloned upstream of a promoterless lacZ gene. The regulator was shown to bind to a dyad symmetrical sequence in the promoter and to be activated by zinc, cadmium and cobalt [110] .
Thoughts on the evolution of MerR-like regulators
The MerR family is distinguished by the very clear divisions between an N-terminal DNA binding region and a C-terminal inducer binding region in members of the family. There is high amino acid similarity in the DNA binding region and low similarity in the inducer binding region ; both regions are believed to be separate protein domains. The two structures available to date show that these domains are separate and joined by a coiled-coil region. Phylogenetic analysis of the helix-turn-helix proteins, including MerR, suggested that all such helix-turnhelix motifs arose from a common ancestor and further showed that the sequence in MerR was closely related to those in c 70 and c 54 [111] ^proteins which also positively regulate the RNA polymerase.
The separate protein products (TipA L and TipA S ) of the tipA gene of S. lividans ¢rst led to the idea that MerR family regulators may have arisen from the fusion of N-terminal DNA binding and subunit interaction domains with a separate e¡ector binding protein. In this case the TipA S protein is a thiostrepton binding protein from an internal translation start within the tipA reading frame. Our hypothesis is that a DNA sequence encoding a DNA binding domain and a coiled-coil region for dimer interaction became fused with a hypothetical 'tipA S gene' to form a gene equivalent to tipA. The new full-length protein had an extra 110 amino acids at its N-terminus which provided protein^DNA and protein^protein interaction; the protein^protein interactions would be dependent on the presence or absence of the bound inducer, thiostrepton.
Similarly, the nolA gene of Bradyrhizobium japonicum gives multiple gene products from internal translational starts [112] . Three proteins are produced, only the ¢rst of which, NolA 1 , contains the helix-turn-helix DNA binding motif and it regulates the expression of NolA 2 and NolA 3 as well as acting at the nolD promoter [113] .
There are other examples in which gene product may be a fusion between N-terminal DNA binding regulatory regions and C-terminal enzymes or binding proteins. CoaR from Synechocystis PCC 6803 (see Fig. 1 ) consists of a region of ca. 135 amino acids similar to MerR, then 210 amino acids showing intermittent similarity to the P. denitri¢cans cobH gene product, precorrin isomerase, and ¢nally a short (15 amino acids) sequence containing a Cys^His^Cys motif, which is required for cobalt recognition and response [23] . An evolutionary mechanism could be the initial generation of a regulatory gene by fusion of the merR-like sequence with an ancestral cobH gene, the product of which would respond to cobalamin precursors. Subsequent mutation generated a cobalt-responsive sequence at the very C-terminus of the regulator. The C-terminal amino acids of MerR are also important in inducer recognition, as this is where the speci¢city for the organomercurial response of MerR from 'broad spectum' mercury resistance determinants resides [55] .
Evolution by gene fusion may also apply to the CarA protein of Myxococcus xanthus, which has N-terminal similarity to the MerR protein of Bacillus cereus over about 75 amino acids. The C-terminal region is similar to the cobalamin binding regions of methionine synthetase (MetH) of E. coli and methylmalonylCoA mutase (MutB) from Propionibacterium shermanii, and the regulator responds to cobalamin derivatives [114] .
Evidence that the N-terminal region may in some cases exist as an independent domain has come from recent work on the bldC mutant of Streptomyces coelicolor. This mutant [115] is defective in producing aerial mycelium at an early stage of di¡erentiation to form aerial spores and in antibiotic production. Rescue and sequencing of the bldC gene showed that it encoded a 68-residue MerR-like protein (which aligned with positions 1^65 of Tn501 MerR) and that the mutation was a single amino acid change in the sequence ( [116] and A.C. Hunt and M.J. Buttner, personal communication). These data are the ¢rst evidence that the N-terminal DNA binding/subunit interaction domains of MerR family regulators can function independently of a C-terminal e¡ector recognition domain.
One can envisage, therefore, the evolution of a new MerR family regulator by the fusion of a 'BldC-like' domain with an e¡ector binding protein such that the binding of e¡ector transmits a conformational change to the N-terminal DNA binding domain, thereby putting a preexisting promoter under novel regulation. Subsequent mutation of the regulator and promoter would allow divergent evolution of the novel function. In all cases so far identi¢ed, the e¡ector is an inducer ; in principle, the new regulator might activate gene expression and require a corepressor to regulate expression.
The metal-responsive MerR family regulators, MerR, ZntR, CueR, PbrR, PmtR, CadR, ZccR (see Section 5 and Fig. 1 ) are all closely related. Indeed, domain swaps can be done in this subfamily of regulators [22] . Evolution of this subfamily was probably through mutation of an ancestral metal-responsive regulator. Subsequent gain and loss of coordinating amino acid residues and small deletions and insertions which alter the position of coordinating functional groups, might e¡ect changes to the metal binding speci¢city. It is not obvious which of the metals would have been the ancestral co-regulator, but the remaining metal speci¢cities could have arisen from a single example.
Conclusions
We de¢ne the MerR family of transcriptional regulators as dimeric proteins with an N-terminal helix-turn-helix DNA binding region, followed by an antiparallel coiledcoil subunit interaction region, and usually by a C-terminal e¡ector binding region. We predict that most, if not all, members of the family are activators, and act at promoters with long spacer regions and respond to the binding of inducers by distorting the promoter DNA to allow open complex formation and transcriptional activation. Testing this prediction requires the characterisation of more members of the family.
Some MerR-like regulators, including MerR, show distinct similarities between their inducer binding regions and respond to metals. These form a subfamily of MerR-like regulators (compare Figs. 6 and 1) di¡erentiated by size and sequence from the separate subfamilies that bind large aromatic compounds, and we await experimental evidence to reveal the mechanisms of metal discrimination between di¡erent members of this subfamily. There may be a separate subfamily consisting of the independent DNA binding and subunit interaction region, with no C-terminal inducer binding region; this currently contains only one member, BldC.
Bacterial genome sequencing will identify increasing numbers of this family of regulators and we await elucidation of their roles.
